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Edited by Lukas HuberAbstract The canonical Wnt pathway is recurrently used dur-
ing embryogenesis and adult life. To track the cellular output
of Wnt signaling in a living organism, we designed a hormone-
inducible Wnt responsive system, capable to dynamically and
speciﬁcally report Wnt pathway activities through eGFP expres-
sion. In contrast to previous in vivo reporters, our system essen-
tially avoids interference of consecutive signals by remaining
dormant until addition of hormone, which makes it a valuable
tool to map canonical Wnt signaling in post-embryonic stages.
Transgenic Xenopus laevis embryos were analyzed revealing at
tadpole stage in speciﬁc tissues and organs cell populations with
high Wnt pathway activity.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The evolutionarily conserved canonical Wnt pathway plays a
pivotal and essential role during embryogenesis and in adult
life. The pathway has been implicated in various processes such
as proliferation, survival, diﬀerentiation, polarity and migra-
tion [1,2]. Activation results in nuclear translocation of b-cate-
nin and its subsequent functional association with LEF-1/TCF
transcription factors, leading to transcriptional activation of
Wnt target genes. In a given cellular context, a particular subset
of targets is activated. The spatiotemporal demarcation of a sig-
naling event within a developing organism often provides clues
to its exact biological role. However, the presence ofWnts, Friz-
zled or LRP-5/-6 receptors does not guarantee activation of the
pathway because many negative regulators are known to inter-
sect at diﬀerent subcellular levels [1]. Moreover, the Wnt path-Abbreviations: eGFP, enhanced green ﬂuorescent protein; TK, minimal
thymidine kinase promoter; b-gal, b-galactosidase; UAS, upstream
activating sequence; E1b, ﬁsh E1b basal promoter; hEcpr, minimal
human E-cadherin promoter; Dex, dexamethasone; LiCl, lithium chl-
oride; GR, hormone binding domain of human glucocorticoid recep-
tor; GAL4, GAL4 DNA binding domain; VP16, transactivation
domain of Herpes simplex virus VP16 protein
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doi:10.1016/j.febslet.2005.11.084way is bifurcated downstream of Dishevelled into a b-catenin
dependent and b-catenin independent pathway, depending on
the cellular context. Also, it was recently reported that b-catenin
might also be activated independently of a Wnt ligand [3].
Hence, using a reporter able to trace the molecular output of
a pathway in speciﬁc cell populations within a developing em-
bryo, would be tremendously important to gain knowledge
about the involvement of the Wnt pathway in tissue formation,
organogenesis and homeostasis. The speciﬁc promoter se-
quence recognized by LEF-1/TCF has been narrowed down
to an 11 bp binding motif. Multiple copies of this motif fused
to a minimal promoter and cloned upstream of a reporter gene,
can register Wnt signaling activity in vitro [4]. In recent years,
Wnt reporter systems have been established in mice, zebraﬁsh
and Xenopus [5–7], which contain several of those consensus
sites and a c-fos minimal promoter driving expression of b-
galactosidase (b-gal), green ﬂuorescent protein (GFP) or a
destabilized GFP variant. GFP is known to be a very stable pro-
tein with a half-life time of 26 h in mammalian cells [8], and
several days inXenopus embryos (our own unpublished results).
Consequently, GFP ﬂuorescence originating from early repor-
ter activation continues for several days and obscures the inter-
pretation of ﬂuorescent patterns at later developmental stages.
Destabilized GFP, which has a higher turnover rate but will
not accumulate as much as normal GFP and consequently will
generate a weaker signal. Hence, it is preferable to design an
inducible system that can give exact information on spatial
expression at a speciﬁc developmental stage when it is triggered
to become active. Also, previously described in vivoWnt report-
ers contain a c-fos minimal promoter, which harbors a cAMP
responsive element, and hence may report not only Wnt signal-
ing but extraneous events as well [9]. Therefore, we favored the
use of a minimal thymidine kinase (TK) promoter instead.
Here, we describe an innovative, hormone-inducible trans-
genic reporter serving as a faithful in vivo detection tool for
the canonical Wnt pathway. This study reports for the ﬁrst
time a detailed analysis of Wnt signaling activities in transgenic
Xenopus laevis tadpoles.2. Materials and methods
2.1. Plasmid construction
The luciferase gene was removed from TKTOP and TKFOP (called
here TKTOP-Luc and TKFOP-Luc) [9], and replaced with b-gal from
pCS2+b-gal. b-Gal was excised from the resulting TOP/FOPTK-bgalblished by Elsevier B.V. All rights reserved.
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GAL4VP16GR plasmid [10]. A cassette containing 14-mer upstream
activating sequences (UAS) and a basal ﬁsh E1b promoter (E1b) driv-
ing enhanced GFP (eGFP) [11], was integrated, resulting in TOP/
FOPTK-GAL4VP16GR+UASE1b-eGFP. hEcpr-DsRed was also in-
cluded, comprising DsRed express-1 (Clontech) under control of a
minimal human E-cadherin promoter (hEcpr) [10]. This resulted in
TOP/FOPTK-GAL4VP16GR+UASE1beGFP+hEcpr-DsRed, or fur-
ther called TOP/FOPTK-iGFP.
2.2. DNA injection, luciferase and b-gal quantiﬁcation assay
Xenopus laevis eggs were collected, fertilized, dejellied and staged as
described [10]. At 4-cell stage, embryos were DNA injected with 250 pg
TKTOP/FOP-Luc or TOP/FOPTK-bgal per blastomere with two
bilateral injections per embryo, or with 50 pg TOP/FOPTK-iGFP in
dorsal-vegetal region of one blastomere. During injection, embryos
were incubated in 1· MMR, 6% Ficoll (Amersham Pharmacia) and
afterwards grown in 0.1· MMR. For luciferase measurements, em-Fig. 1. Evaluation of the Wnt reporter. (A) Schematic overview of TOPTK-b
is detected by TOPTK-bgal and not FOPTK-bgal. BLU, relative b-gal units;
TKTOP-Luc is much higher in dorsal-vegetal (DV) than in ventral-vegeta
Detection of b-gal activity viewed on a section of a dorsal-vegetally TOPTK
Arrowhead indicates the dorsal blastopore lip, and a region encompassed by
TOPTK-iGFP and FOPTK-iGFP. (G) Only in embryos injected with TO
expression of eGFP. In absence of Dex, no eGFP is observed in either ca
expression as control.bryos were lysed in Reporter Assay Lysis buﬀer (Roche Applied Sci-
ence), and measurements were performed as described [10]. In each
experiment three embryos were analyzed, and all measurements were
performed in triplicate. SW480 cells were transfected as described
[10], and lysates were combined with b-gal substrate (Galacto-Star
kit) to directly measure b-gal activity using Topcount NXT lumino-
meter (Packard). For normalization, TKTOP-Luc was cotransfected
and luciferase values were determined [10].
2.3. Whole mount X-gal staining and in situ hybridization
For X-gal staining, embryos were grown till stage 10, ﬁxed in 1·
MEMFA and stained at 30 C in 1· PBS containing 5 mM
K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mM MgCl2 and 1 mg/ml X-gal.
After staining, embryos were embedded in plastic using JB-4 embed-
ding (Polysciences), sectioned (5 lm), eosin counterstained and
mounted in Aquatex medium. Whole mount in situ hybridization
was performed essentially as described [12], using an antisense digoxi-
genin labeled eGFP probe.gal and FOPTK-bgal. (B) Constitutively active Wnt signaling in SW480
N.T., Non-transfected. (C) Luciferase activity in embryos injected with
l (VV) zone. RLU, relative luciferase units; N.I., non-injected. (D)
-bgal injected embryo (a, animal; veg, vegetal; d, dorsal; v, ventral).
a square is visualized in (E) at higher magniﬁcation. (F) Overview of
PTK-iGFP, and not FOPTK-iGFP, Dex (10 lM) addition induced
se. (H) Dex treated TOPTK-iGFP injected embryo, showing DsRed
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Generation of transgenic X. laevis embryos was carried out essen-
tially according to [10]. Tadpoles were cryosectioned as previously de-
scribed [13]. Sections were mounted in DAPI-containing Vectashield
medium (VECTOR laboratories). Early stage embryos were photo-
graphed as described [10]. For later stages and sections, pictures were
captured with Axiophot microscope (Carl Zeiss) equipped with a dig-
ital camera (MicroMAX, RS Photometrics) and processed using Meta-
morph software (Universal Imaging Corporation).Fig. 2. Speciﬁc response to LiCl of the transgenically integrated Wnt
reporter. Transgenic stage 10, embryos were selected (upper panel;
animal side is up). All embryos were pretreated with 10 lMDex for 2 h
to functionally induce the systems. A fraction received an additional
10 min LiCl (0.3 M) treatment (indicated as Dex/LiCl), and then all
embryos were re-exposed to Dex for 3 h prior to eGFP in situ
hybridization at stage 11 (lower panel). TOPTK-iGFP embryos show
ventrolateral eGFP expression following Dex addition (ventral view,
vegetal is up). Dex/LiCl treatment results in ectopic activation of the
pathway, as is reﬂected by ubiquitous eGFP expression (animal view).
No eGFP is observed in transgenic FOPTK-iGFP embryos (lateral
view, animal is up).3. Results and discussion
3.1. Design and evaluation of the hormone-inducible Wnt
responsive reporter system
The responsive element in our Wnt reporter system contains
three consensus LEF-1/TCF binding or TOP sites combined
with a TK promoter [9]. This artiﬁcial Wnt-responsive pro-
moter should be activated strictly under conditions of active
canonical Wnt signaling, and was ﬁrst analyzed with b-gal as
reporter (Fig. 1A). An assay in SW480 cells, in which canoni-
cal Wnt signaling is constitutively active, showed at least a 30
times higher promoter activity for TOPTK-bgal than for
FOPTK-bgal (Fig. 1B). The eﬃcacy was checked in an
in vivo context as well, via DNA injection in X. laevis embryos
(Fig. 1C). At midblastula stage, embryos are dorsally enriched
for b-catenin, as a consequence of local activation of the
maternal canonical Wnt pathway [14]. Consistently, higher
transcriptional activity was detected in the dorsal-vegetal than
the ventral-vegetal region of TKTOP-Luc injected embryos. X-
gal staining of dorsal-vegetally TOPTK-bgal injected embryos
conﬁrmed this result (Fig. 1D and E). In the TOPTK-iGFP re-
porter used further in this study, the TOPTK promoter drives
the expression of a GAL4VP16GR transactivator, and further
downstream, 14 GAL4-binding UAS elements and an E1b
promoter direct expression of eGFP (Fig. 1F). Fusing the hor-
mone-binding domain of the glucocorticoid receptor (GR) to
the GAL4 DNA binding domain (GAL4) and the transactiva-
tion domain of the Herpes simplex virus VP16 protein (VP16)
renders the activity of GAL4VP16GR dependent on dexa-
methasone (Dex). The Dex treatment period can be minimized
to 2–3 h, which was demonstrated to be suﬃcient: (1) to func-
tionally activate the GAL4VP16GR protein; and (2) to conse-
quently induce UAS-E1b dependent proteins (data not
shown). GAL4 alone or the GAL4VP16 fusion has been previ-
ously shown to have a short half-life of only 60 min [15],
which certiﬁes the favored low stability of our GAL4VP16GR
transactivator. Hence, this is a signiﬁcant improvement com-
pared to a conventional Wnt reporter expressing the extremely
stable GFP protein that has a half-life time of 26 h [8]. As
such, our inducible system can give exact spatiotemporal infor-
mation on the activation of Wnt signaling at a given develop-
mental stage, without the interference of signals that occurred
earlier in development. The GAL4/UAS induction loop also
potentiates ampliﬁcation, and thereby increases the sensitivity
of the reporter. An integrated hEcpr-DsRed cassette functions
as a selection marker for transgenic embryos. Similarly,
FOPTK-iGFP was created as negative control. To assess the
tightness of the hormone-inducible regulation in X. laevis,
TOP/FOPTK-iGFP injected embryos were analyzed. Only
when TOPTK-iGFP injected embryos were exposed to Dex,
they displayed eGFP expression (Fig. 1G and H). FOPTK-
iGFP injected embryos showed no ﬂuorescence with or with-out Dex. Thus, on basis of in vitro and in vivo promoter as-
says, we conclude that the designed reporter tool is speciﬁc
and becomes active only upon Dex addition.
3.2. Expression of the Wnt reporter tool in transgenic X. laevis
embryos speciﬁcally senses active Wnt signaling
We integrated TOP/FOPTK-iGFP via transgenesis into X.
laevis, and selected bona ﬁde transgenic gastrulas on basis of
their non-mosaic DsRed expression (Fig. 2, upper panel). To
determine if our transgenically integrated reporter was Wnt
responsive, we performed a lithium chloride (LiCl) treatment.
LiCl is a known inhibitor of glycogen synthase kinase-3b,
which in absence of a Wnt signal, phosphorylates b-catenin
thereby targeting it for degradation. Blocking this event results
in constitutive Wnt pathway activity throughout the embryo.
All embryos were Dex treated, and some also underwent a
LiCl treatment. After Dex or Dex/LiCl treatment, the embryos
were hybridized in situ for eGFP (Fig. 2, lower panel). Trans-
genic TOPTK-iGFP embryos subjected to a combined Dex/
LiCl treatment revealed generalized eGFP expression reﬂected
in ubiquitous blue staining, indicating that our system re-
sponds to ectopically induced Wnt signaling activity. If LiCl
was omitted, localized ventrolateral Wnt signaling was ob-
served, characteristic for this developmental stage as shown
by Geng et al. [7] and by us (T.D., unpublished data). Un-
treated (not shown) and transgenic FOPTK-iGFP embryos
that underwent a Dex or Dex/LiCl treatment never displayed
any signal. We conclude that LiCl eﬃciently activates the re-
porter expression in a transgenic setting.
3.3. Restricted expression in transgenic tadpoles, reﬂecting
known and novel domains of active Wnt signaling
To investigate the role of the canonical Wnt pathway at later
stages, transgenic tadpoles were selected and analyzed in vivo.
In absence of Dex, no eGFP was observed (data not shown).
After Dex incubation, restricted eGFP-positive domains were
reproducibly observed, including the midbrain–hindbrain
Fig. 3. In vivo screening of Wnt signaling activity in transgenic tadpoles. (A,B) Transgenic tadpoles (stage 46) treated with Dex (10 lM) for 24 h
revealed localized regions with speciﬁc Wnt signaling activity in the olfactory epithelium, vomeronasal organ, midbrain–hindbrain boundary,
pronephros, eye, gills, ceratohyal and Meckel’s cartilage. Dorsal (A) and ventral (B) view, anterior up. (A) and (B) present each a ﬂuorescent image
(left panel) and a corresponding drawing (right panel) with cartilage structures indicated in red color. At higher magniﬁcation, eGFP expression is
depicted in the midbrain–hindbrain boundary (C), olfactory epithelium and vomeronasal organ (D) and pronephros (E). Br, Brain; Cc, Ceratohyal
cartilage; Ey, Eye; Gb, Galbladder; Gi, Gills; H, Heart; Ie, Inner ear; Int, Intestine; Mc, Meckel’s cartilage; MHB, midbrain–hindbrain boundary;
Oe, Olfactory epithelium; PrN, Pronephros; Vo, Vomeronasal organ.
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vomeronasal organ, pronephros and craniofacial cartilage
structures like the ceratohyal and Meckel’s cartilage and the
gills (Fig. 3). Canonical Wnt ligands such as Wnt-1, Wnt-3a
and Wnt-8b [16,17] were previously stated to be active in the
midbrain–hindbrain boundary, a region also detected by Dor-
sky et al. [6]. For the other domains, direct or indirect support-
ing evidence from literature exists. The canonical Wnt pathway
has multiple roles during eye development, as illustrated by
expression of many Wnts and Frizzleds in the lens, neural ret-
ina or retinal pigmented epithelium [18]. Several Frizzleds and
Wnts were described in the inner ears [19,20], although so far
no clear function was reported in Xenopus. It has been sug-gested that the Wnt pathway in chicken determines whether
the sensory epithelium confers auditory or vestibular identity
[21]. Zebraﬁsh embryos treated with LiCl were shown to lack
olfactory placodes [22], but a function for the Wnt pathway
in the olfactory epithelium has not been described yet. Wnt-4
is a central player in the tubulogenesis of the pronephros
although it remains controversial whether this involves canon-
ical Wnt signaling [23]. Several Wnt family members are de-
scribed to diﬀerentially regulate cartilage development [24].
For a more detailed analysis of our results, the embryos were
sectioned, conﬁrming the in vivo detection in the olfactory epi-
thelium, the midbrain–hindbrain boundary, pronephros, inner
ears and retina (Fig. 4A–D and data not shown). In the pro-
Fig. 4. Sagittal cryosections of transgenic tadpoles reveal details of Wnt signaling activity. In all panels, the upper picture represents DAPI staining,
the middle eGFP expression and the lower one is an overlay of both. (A) Olfactory epithelium. (B) Midbrain–hindbrain boundary with inset at lower
magniﬁcation. (C) Pronephros. (D) Inner ear. (E) Liver. (F) Small intestine. Insets in (A), (D) and (F) are higher magniﬁcations of the overlay image
in the region indicated by a white square. Scale bar, 100 lm.
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inner ear, localized clusters of cells, presumably the vestibular
sensory epithelium, were eGFP positive. Additionally, eGFP
was discernable in individual cells of the liver and the epithelial
layer of the small intestine (Fig. 4E and F). This signal could
not be monitored in the living tadpoles due to the complicated
three-dimensional organization of the gut.
We conclude that our innovative Dex inducible transgenic re-
porter is a valuable and reliable tool for precisely monitoring
in vivo activity of the canonical Wnt pathway during Xenopus
development. This study provides for the ﬁrst time a detailed
analysis during tadpole stages, and demonstrates the prospects
of generating transgenic lines for even more extensive studies.
Given the extreme stability of eGFP in the tadpoles and the de-
scribed role of Wnt signaling in stem cells [2], pulsed induction
of the transgenic reporter tool will be very valuable for lineage
tracing experiments to identify stem cell derivatives in various
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